ABSTRACT Background: Previously, we reported the presence of hydroxytyrosol in red wine and higher human urinary recovery of total hydroxytyrosol than that expected after a single red wine intake. We hypothesized that the alcohol present in wine could promote endogenous hydroxytyrosol generation. Objective: The objective was to assess the relation between alcohol consumption and urinary hydroxytyrosol concentrations. Design: This was a cross-sectional study with baseline data from a subsample of the PREvención con DIeta MEDiterránea (PRE-DIMED) trial, an intervention study directed at testing the efficacy of the Mediterranean diet on the primary prevention of cardiovascular disease. Participants included 1045 subjects, aged 55-80 y, who were at high cardiovascular risk. Alcohol consumption was estimated through a validated food-frequency questionnaire. Urinary hydroxytyrosol and ethyl glucuronide, a biomarker of alcohol consumption, were measured. Results: Urinary ethyl glucuronide concentrations were directly related to alcohol and wine consumption (P , 0.001) as well as to urinary hydroxytyrosol in both sexes (P , 0.001). The degree of alcohol consumption was directly associated with urinary hydroxytyrosol in male alcohol consumers (P , 0.001). Multivariate logistic regression analyses showed a significant linear trend (P , 0.05) for elevated hydroxytyrosol concentrations with an increase in alcohol consumption. Intakes of .20 g (2 drinks)/d and .10 g (1 drink)/d alcohol in men and women, respectively, were associated (P , 0.05) with elevated concentrations of hydroxytyrosol. Conclusions: We report for the first time a direct association between urinary hydroxytyrosol and alcohol consumption at a population level. These findings reinforce previous work in human and animal models that examines wine as a source of hydroxytyrosol and alcohol as an indirect promoter of endogenous hydroxytyrosol generation. This trial was registered at controlled-trials.com/isrctn/ as ISRCTN 35739639.
INTRODUCTION
The health benefits of olive oil in humans have been attributed partially to olive oil's unique composition of polyphenols (1) . Polyphenols are found in olive fruits and leaves, mainly in the form of secoiridoids (2) . A distinctive characteristic of olive oil is its enrichment in oleuropein, a member of the secoiridoid family, which hydrolyzes in the intestinal tract to catechol hydroxytyrosol, which has shown high antioxidant properties in experimental studies (3, 4) .
The presence of hydroxytyrosol in food was considered to be restricted to olive oil. Recently, we reported the presence of hydroxytyrosol in red wine (5) . We also reported that the urinary recovery of total hydroxytyrosol in healthy volunteers after a single dose (250 mL) of red wine was higher than expected, taking into account the dose administered. This recovery was also higher than that observed after a single dose of virgin olive oil (25 mL), despite a 5-fold higher hydroxytyrosol dose in the olive oil than in the wine. Hydroxytyrosol is a minor dopamine metabolite also known in the neurochemistry nomenclature as 3,4-dihydroxyphenylethanol (DOPET). Dopamine can be formed from tyramine (6) . A rise in dopamine body concentrations through its formation from the tyramine present in red wine was investigated, but urinary tyramine concentrations did not explain those of hydroxytyrosol obtained (5) . However, the urinary concentration of homovanillic acid concentrations, a biomarker of the peripheral turnover of dopamine, was largely elevated. Because of this finding, we hypothesized that the alcohol present in red wine could promote endogenous hydroxytyrosol generation via an interaction with dopamine metabolism (5) .
Plasma and urinary hydroxytyrosol have been shown to increase in a dose-dependent manner with the phenolic content of the food (eg, olive oil) administered (7) (8) (9) (10) . Thus, if wine contains hydroxytyrosol, and alcohol could be capable of promoting an endogenous hydroxytyrosol generation, a direct relation between the degree of both alcohol and wine consumption and the concentrations of hydroxytyrosol in biological fluids would be expected. In the present work we tested this hypothesis at a population level in a large sample of individuals at high risk of coronary artery disease (CAD).
SUBJECTS AND METHODS

Study participants
A cross-sectional study with baseline data from a subsample of participants in the PREDIMED (PREvención con DIeta MEDiterránea) study was performed. The PREDIMED study is a large, parallel-group, multicenter, randomized, controlled 5-y clinical trial aimed at assessing the effects of the traditional Mediterranean diet on the primary prevention of cardiovascular disease (www.predimed.org). The detailed protocol of the study has been published previously (11) . The Institutional Review Boards of the institutions involved approved the study protocol, and participants signed an informed consent.
From October 2003 to January 2005, 1130 asymptomatic subjects at high risk of CAD, aged 55-80 y, were selected in 10 Spanish primary care centers. Inclusion criteria were the presence of diabetes or having 3 CAD risk factors [current smoking, systolic blood pressure .140 mm Hg, diastolic blood pressure .90 mm Hg, treatment with antihypertensive drugs, HDL cholesterol ,40 mg/dL in men and ,50 mg/dL in women, LDL cholesterol .160 mg/dL, treatment with hypolipidemic drugs, body mass index (BMI; in kg/m 2 ) .25, family history of premature CAD]. Exclusion criteria were history of cardiovascular disease, any severe chronic illness, drug or alcohol addiction, history of allergy or intolerance to olive oil or nuts, or low predicted likelihood of changing dietary habits according to the stages of change model. Participants' eligibility was based on a screening visit by the physician.
Baseline assessments
The baseline examination included the administration of the following: 1) a validated food-frequency questionnaire (12) ; energy and nutrient intake calculated from Spanish food composition tables (13) ; 2) the Minnesota Leisure Time Physical Activity Questionnaire, validated for its use in Spanish men and women (14, 15) ; and 3) a 47-item general questionnaire assessing lifestyle, health conditions, smoking habits, sociodemographic variables, history of illness, and medication use. Food intake and alcoholic beverage consumption, including wine, beer, and spirits, were assessed through the food-frequency questionnaire (12) . Alcohol intake (g/d) was calculated by multiplying the amount of the beverage (mL) by the respective grade (% alcohol) and the constant 0.80 to transform alcohol volumes into weight.
We undertook all clinical procedures in accordance with the PREDIMED study manual of operations. Weight and height were measured with calibrated scales and a wall-mounted stadiometer, respectively. BMI was calculated as weight in kilograms divided by the square of height in meters. Waist circumference was measured with an anthropometric tape midway between the lowest rib and the iliac crest. Trained personnel measured blood pressure in triplicate with a validated semiautomatic sphygmomanometer (Omron HEM-705CP; Hoofddorp, Netherlands), with participants in a seated position after a 5-min rest.
Urinary hydroxytyrosol and ethyl glucuronide analyses
First spot morning urine was obtained at home, after an overnight fast, following specific instructions for its collection (same as those given for routine laboratory analyses). Samples were coded, shipped to central laboratories, and frozen at 280°C until assay. Hydroxytyrosol was measured by gas chromatography-mass spectrometry. The analytic procedure has been published previously (16, 17) . Control samples that were added to every analytic batch at concentrations of 10 and 35 ng/mL had CVs of 7.5% and 4.6%, respectively.
Determination of urinary ethyl glucuronide (EtG) was made by using an enzyme immunochemical method for EtG (DRIEtG EIA; ThermoFisher/Microgenics, Fermont, CA) (18) . The calibration concentration range of this methodology is between 100 and 2000 ng/mL. Samples with EtG concentrations outside the calibration range were considered either negative (if ,100 ng/mL) or diluted accordingly (if .2000 ng/mL). Control samples that were added to every analytic batch at concentrations of 375 ng/mL and 625 ng/mL had CVs of 5.0% and 3.6%, respectively.
Inflammatory markers
Serum interleukin-6 was measured by a standard enzymelinked immunosorbent assay, and high-sensitivity C-reactive protein by particle-enhanced immunonephelometry (11) , in a subsample of 301 participants.
Statistical analysis
Differences in continuous variables were compared by using the Student's t or Mann-Whitney U tests when indicated. The general linear modeling procedures (PROC GLM, version 9.1; SAS Institute Inc, Cary, N.C.) were used to estimate lifestyle, anthropometric, and socioeconomic variables according to the categories of alcohol consumption. Linear trend was tested by including the categorized variable as continuous in this model. The polynomial contrast was used to determine P values for linear trend for continuous variables. Spearman regression coefficients were calculated to assess the association between 1) self-reported alcohol consumption and the biomarker of alcohol consumption, namely, urinary EtG, and 2) urinary hydroxytyrosol concentrations and serum inflammatory markers. Weighted j analysis was performed to assess the agreement between categories of alcohol consumption and categories of urinary EtG concentrations. Linear regression models, adjusted for age, leisuretime physical activity, educational level, smoking, BMI, and olive oil consumption, were fitted (PROC REG; SAS Institute Inc) to determine the magnitude and strength of the association of alcohol consumption with urinary hydroxytyrosol concentrations in alcohol consumers. Multiple logistic regression analysis (PROC LOGISTIC procedure of SAS; SAS Institute Inc) was used to analyze the relation of elevated urinary hydroxytyrosol concentrations (defined as higher than the median value of the distribution values in each sex) with categories of alcohol consumption in the whole population. Linear trend was tested by including the categorized variable (categories of alcohol consumption) as continuous in this model. Differences were considered significant if P , 0.05. Values were expressed as means 6 SEMs or 95% CIs.
RESULTS
Men were younger than women; spent more time in leisure-time physical activity; had a lower BMI, more education, and a higher dietary energy intake; and consumed more alcohol and olive oil than did women. Men also had higher urinary concentrations of hydroxytyrosol and EtG than did women ( Table 1) . Characteristics of the study participants according to alcohol consumption categories are provided in Table 2 . Energy intake was positively associated with alcohol consumption in both sexes. The proportion of smokers and those with a higher educational level increased with higher alcohol consumption in women (Table 2 ). An inverse relation between urinary hydroxytyrosol and serum high-sensitivity C-reactive protein (r = 20.134, P = 0.020) and interleukin-6 (r = 20.128, P = 0.026) was observed.
Urinary EtG concentration correlated significantly with the reported total alcohol consumption and alcohol from wine ( Table 3) . Multiple linear regression models were fitted to analyze the association between alcohol consumption and urinary concentrations of hydroxytyrosol ( Table 4) . Because of the skewed distribution of alcohol consumption, we excluded alcohol abstainers from these analyses. The average (median) amount of alcohol consumption among alcohol consumers was 15.9 g/d in men and 4.2 g/d in women. The age-adjusted models revealed a significant direct association (P , 0.001) between alcohol consumption and urinary hydroxytyrosol in men. The strength of the association was not attenuated when leisure-time physical activity, educational level, smoking, BMI, and olive oil consumption were controlled for. No associations were shown in women. There were no significant interactions between alcohol consumption and smoking in either sex.
Multivariate logistic regression analysis was performed to assess the association between alcohol consumption and urinary hydroxytyrosol in the entire study population ( Table 5) . For this purpose, we categorized alcohol consumption as follows: 1) no alcohol consumption (reference category), 2) 10 g alcohol/d, 3) .10 g and 20 g alcohol/d, and 4) .20 g alcohol/d. Because only 3.7% of female participants reported alcohol consumption .20 g/d, we defined the highest category of alcohol consumption in women as .10 g/d. A significant linear trend for having elevated urinary hydroxytyrosol concentrations was observed in both sexes with the increase in alcohol consumption (P , 0.05). Alcohol consumption of .20 and .10 g/d was significantly associated with elevated urinary HT in men and women, respectively, even after potential confounders were controlled for. In women, the odds of having elevated hydroxytyrosol concentrations were 183% higher among the highest alcohol consumers than in alcohol abstainers.
DISCUSSION
From a previous hypothesis concerning endogenous hydroxytyrosol generation after alcohol consumption via dopamine metabolism, we assessed in this study the association between alcohol consumption and urinary hydroxytyrosol concentrations at a population level. From our results, it appears that a direct relation exists between degree of alcohol consumption and urinary hydroxytyrosol concentrations in older men and women, independent of the amount of olive oil consumed. This relation was reinforced by the direct association observed between hydroxytyrosol and EtG urinary concentrations. Alcohol consumption was validated through urinary EtG, which is a reliable marker (19) . Concerning alcohol drinkers, low alcohol consumption could explain the lack of association between alcohol intake and hydroxytyrosol in women. Also, we could not discard the possibility that a threshold of alcohol ingestion could exist for triggering the dopaminergic response leading to hydroxytyrosol formation. Hydroxytyrosol was, however, associated with EtG not only in men but also in women. This indicates that a relation between low alcohol intake and low concentrations of hydroxytyrosol in women could be detected by more precise measurements, such as biochemical determinations, rather than by self-reported alcohol consumption provided by questionnaires. The results of the present study are in agreement with our previous report (5) and support the hypothesis of alcohol, and particularly wine, as an indirect source of hydroxytyrosol. .0 and 10 g (n = 167)
.10 g (n = 67) More than basic education.
In addition to the hydroxytyrosol present in wine, a physiologic route for endogenous hydroxytyrosol production from alcohol consumption would be via dopamine metabolism. The deamination of biogenic amines to their corresponding aldehyde intermediates is catalyzed by the monoamine oxidase isoenzymes. Aldehyde intermediates are chemically very unstable and give rise metabolically to their corresponding acids or alcohols. In the case of dopamine, the aldehyde intermediate is known as 3,4-dihydroxyphenylacetaldehyde (DOPAL), whereas 3,4-dihydroxyphenylacetic acid (DOPAC) and DOPET (or hydroxytyrosol) are the corresponding acid and alcohol metabolites (20) . Concentrations of DOPAC are relatively high in biological fluids and have been used as biomarkers of dopamine turnover, whereas those of DOPET are very low, and little attention has been paid to this minor compound of the oxidative metabolism of dopamine. The oxidation and reduction of aldehydes require a pyridine nucleotide coenzyme system. Alterations in the cellular ratio of NAD to NADH may result in alterations in the aldehyde metabolism and in the balance between acid (DOPAC) and alcohol (DOPET) metabolites of DOPAL. Ethanol is able to alter the NAD-to-NADH ratio, enhancing the formation of alcohol derivatives in humans. This has already been observed for serotonin metabolism, where the corresponding alcohol metabolite, 5-hydroxytryptophol, becomes more relevant than 5-hydroxyindolacetic acid (21) after ethanol intake, to the extent that 5-hydroxytryptophol has been considered as a biomarker of its consumption (22) . In an experiment performed in rats, results for dopamine analogous to those seen for serotonin were reported (23) . In short, ethanol alters dopamine metabolism, and the final product is no longer predominantly DOPAC but a mixture of DOPAC and DOPET. In the absence of ethanol, the ratio of DOPAC to DOPET is '10, whereas in the presence of ethanol it is 0.25 (23) . These observations in an animal model support the data obtained in the present study in humans, although the exact mechanism of the shift of the aldehyde metabolism in the presence of ethanol is not well understood and deserves further study. Therefore, hydroxytyrosol, in addition to being a natural antioxidant, is a metabolite of dopamine (DOPET), with an up-regulated synthesis in the presence of ethanol (5, 23) .
There is a large body of knowledge concerning the nutritional benefits derived from virgin olive oil ingestion that are attributable to both its monounsaturated fat content and its phenolic compounds, particularly hydroxytyrosol (24) . Recent results of the Effect of Olive Oil Consumption on Oxidative Damage in European Populations (EUROLIVE) study, a randomized, crossover, controlled intervention trial in 200 European individuals, showed that olive oil is more than a monounsaturated fat and that olive oil polyphenols, including hydroxytyrosol, contribute to the virgin olive oil beneficial health effects (1) . Endogenous production of hydroxytyrosol raises the question of its contribution to the human antioxidant defense pool, given that the amount of hydroxytyrosol generated by wine drinking (250 mL) appears to be higher than that of a standard dose of virgin olive oil (25 mL) (5) . In this study, hydroxytyrosol concentrations were not related to classical cardiovascular risk factors but were inversely related to inflammatory status. Inflammation is a common feature in chronic degenerative oxidative stress-associated diseases such as cardiovascular and neurodegenerative diseases and cancer, and in the aging process (25) . The in vivo antiinflammatory properties of hydroxytyrosol have been reported in animal models (26) . A free-radical induction of mitochondrialpermeability transition has been implicated in the DOPALmediated death of dopamine neurons in Parkinson's disease (27) . Thus, alcohol-generated antioxidant hydroxytyrosol (DOPET) could be one mechanism for explaining the inverse association between alcohol consumption and the decreased risk of Parkinson's disease observed in case-control and cohort studies (28) (29) (30) (31) .
Moderate amounts of alcohol markedly reduce the risk of CAD (32) by means of an increase in plasma HDL cholesterol and an improvement of the clotting and thrombolytic processes (33) . Alcohol, however, can generate reactive oxygen species in vivo because of a prooxidant effect on lipids, DNA, and proteins (34). In the current study, the association between alcohol consumption and urinary hydroxytyrosol was observed in a population at high risk of CAD, a situation in which a high oxidative status has been reported (35) . The enhancement of hydroxytyrosol generation via dopamine and ethanol metabolism interaction may partially counteract the oxidative effect of alcohol. A contribution of hydroxytyrosol to the increase in HDL cholesterol associated with alcohol consumption cannot be discarded. Polyphenol-rich foods, including those rich in hydroxytyrosol, have been shown to elevate HDL-cholesterol concentrations in clinical intervention studies (1, 36, 37) . At present, data on the in vivo oxidative damage linked to moderate alcohol consumption are controversial. In a cross-sectional study, alcohol consumption was directly related to the plasma concentration of in vivo oxidized LDL cholesterol (38) . However, concentrations of DNA oxidative damage, which are related to both CAD and cancer processes (39) , have been reported to be decreased with the amount of alcohol consumed (40) .
One limitation of the study is that, in agreement with previous reports (41) , wine was the main source of alcohol in our Spanish participants. In our population, consumers of other alcoholic beverages were also wine consumers and only few of them consumed exclusively nonwine alcoholic beverages. Because of this, the relation between alcohol consumption from nonwine Although only 4% of the variability of hydroxytyrosol was explained by EtG, it should be taken into account that 99.2% of the participants consumed olive oil, the main food source of hydroxytyrosol. Also, a 24-h urine sample could have provided more information than a sample of first spot morning urine, despite the fact that hydroxytyrosol measured in the latter situation has been proven to be a useful marker of olive oil consumption (1, 16) . Therefore, it is very likely that the degree of variability shown in the present study is underestimated because of the aforementioned settings of the present study. In summary, we report here a direct association between hydroxytyrosol urinary concentrations and alcohol consumption in a population at high risk of CAD. To our knowledge, this is the first time that such a relation has been reported. Our data reinforce previous work that examines wine as a source of hydroxytyrosol and alcohol as an indirect promoter of endogenous hydroxytyrosol generation. Further intervention studies are needed to explore the role of alcoholic beverages, other than wine, in the generation of endogenous hydroxytyrosol.
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